A perfect irrotational fluid with the equation of state of dust, Irrotational Dark Matter (IDM), is incapable of virializing and instead forms a cosmoskeleton of filaments with supermassive black holes at the joints. This stark difference from the standard cold dark matter (CDM) scenario arises because IDM must exhibit potential flow at all times, preventing shell-crossing from occurring. This scenario is applicable to general non-oscillating scalar-field theories with a small sound speed. Our model of combined IDM and CDM components thereby provides a solution to the problem of forming the observed billion-solar-mass black holes at redshifts of six and higher. In particular, as a result of the reduced vortical flow, the growth of the black holes is expected to be more rapid at later times as compared to the standard scenario.
I. INTRODUCTION
In the theory of formation of cosmological large-scale structure, dark matter is modeled as a pressureless fluid-dust. However, this hydrodynamical approximation fails at shell crossing during the collapse of objects, when the velocity field becomes multivalued. From that point on, either one thinks of dark matter as particles interacting through gravity, which is the picture motivating N -body simulations or one has to reaverage, and translate the velocity dispersion into a pressure.
The main idea of this paper is to introduce a new subdominant component of the dark-matter sector which can be approximated to behave hydrodynamically at all relevant times, and which always exhibits potential flows and has a very small sound speed. We call it Irrotational Dark Matter (IDM), as opposed to the dominant standard component, cold dark matter (CDM). A scalar field with a small sound speed and mass fulfills our requirements for IDM. Elements of such a fluid follow the geodesics of the space time at scales larger than the Jeans length and their velocity field must remain single valued and irrotational at all scales. We are not using this scalar to address the problem of dark energy, although this discussion is highly relevant in that case also.
As long as the hydrodynamical approximation for CDM holds, the dynamics of the two dark-matter components are essentially the same. While CDM can undergo shell crossing, the trajectories of IDM approach each other until hydrodynamically supported structures are formed: planes, filaments and -at their intersections -approximately spherical stars, as illustrated in Fig. 1 . When these stars are sufficiently compact, the pressure support becomes inadequate and they collapse to form black holes. Because of the absence of vortical flow in IDM, these structures can form very early in the history of the universe and provide a skeleton around which CDM virializes. In particular, we propose that supermassive black holes in high-redshifts quasars are seeded through the collapse of such a fluid component.
Most, if not all, galaxies have supermassive black holes (SMBHs) -black holes of mass M bh ∼ 10 6−10 M -at their center. Our own Milky Way contains a black hole of mass 4.1 · 10 6 M [1] . The Andromeda galaxy, the nearest spiral galaxy at a distance of 0.78 Mpc, contains a black hole of mass 1.4 · 10 8 M [2] . However, somewhat surprisingly, SMBHs of mass 10 9 M are observed in quasars already at redshifts z > 6 [3] , and a quasar powered by a black hole of mass 2 · 10 9 M was recently discovered at z = 7.085 [4] , when the Universe was only 0.75 Gyr old. The black holes that we observe today are presumably the dormant remnants of the powerful quasars of the past.
The physics behind the formation of these SMBHs -a fundamental issue if one wants to understand the formation and evolution of galaxies -is still an open problem in astrophysics. It is not at all clear how billion-solar-mass black holes could form in less than a billion years from the Big Bang; in other words, the theory of black-hole seeds is in part still unknown or unconstrained. Various formation mechanisms have been proposed in the literature heretofore: (1) the seeds could be remnants of first-generation (Population III) massive stars which could yield black holes (BH) of mass 10 − 100M [5] , or (2) could be the results of direct collapse of primordial gas clouds in which case seeds of mass 10 4−6 M are produced [6] . The former scenario cannot naturally reach the required mass of a billion solar masses by redshift of six, while the latter needs a very low fragmentation rate and a parent halo with a very low angular momentum. Alternatively (3) black hole seeds could also have formed as a result of collapsing nuclear stellar clusters [7] . More exotically, the seeds could be primordial, resulting directly from large quantum perturbations of curvature generated during inflation [8, 9] or even through decays of topological defects after inflation where correlated primordial- Figure 1 . The cosmoskeleton formed through the non-vortical collapse of Irrotational Dark Matter in the early matterdomination era. The skeleton provides a localized potential around which cold dark matter virializes, while at its joints black hole seeds form. Picture inspired by the results of Ref. [15] .
black-hole distributions can be formed [10] [11] [12] . See the review papers [13, 14] and references therein for more details on the proposed formation processes.
We show that our model can produce hundreds of black hole seeds with mass ∼ 10 4 M in the observable Hubble volume already by redshift z = 15. The strongest constraint arises from the relatively low mass of Milky Way's SMBH and implies that IDM can at most contribute 10
of the total dark-matter mass. The Milky Way's SBMH is somewhat light compared to those in neighboring galaxies, so this constraint could be weakened if one invokes a peculiar event in Milky Way's formation history.
Future probes, such as the Athena+ X-ray observatory [16] , will be necessary to understand if the above mechanisms are viable or if alternative more exotic models, such as the one proposed in this paper, are required.
II. A MODEL FOR IRROTATIONAL DARK MATTER
Our idea depends on realizing a model for IDM which is hydrodynamical, not capable of producing vortical flows and which has a small sound speed and equation of state. Given these properties, the phenomenology is quite generic and does not depend on the precise model employed. Since the flows are irrotational, they are most naturally described by a scalar degree of freedom, which plays the role of the velocity potential in this picture.
The approach we take is to model our IDM using an action for potential-flow hydrodynamics, thinking of it as an effective action and therefore taking the dynamics as classical,
where X is the canonical kinetic term for the scalar φ, X ≡ − 1 /2g αβ ∇ α φ∇ β φ, M is a mass scale of this effective Lagrangian. We require the gradient of φ to be timelike everywhere, X > 0, since only in this limit we recover a hydrodynamical description. This action falls into the k-essence class [17, 18] , for which a formulation in terms of relativistic hydrodynamics is well known [19, 20] . In this formulation, the function √ 2X can be interpreted either as a chemical potential [21] or as a temperature [22] , while the parameter c 2 s 1 represents the constant sound speed of propagation of small perturbations. Extending such actions to multiple scalar fields allows one to describe perfect-fluid hydrodynamics completely [23] .
The scalar field can be associated with a relativistic flow velocity,
By virtue of Frobenius' theorem, the twist tensor for the vector field u µ must vanish,
is the projector onto the hypersurface perpendicular to the vector u µ . This means that the flows are always non-vortical when seen in the appropriate set of coordinates.
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The above interpretation assigns the meaning of a clock to φ. We therefore require that the scalar does not enter a period of evolution where it oscillates, since that would make this identification invalid and break down the hydrodynamical interpretation.
The energy-momentum tensor (EMT) for this system is given by
The velocity field u µ can now be seen to be the comoving velocity for elements of a perfect fluid. The fluid is adiabatic and has a constant equation of state w f = c 2 s . We would like to stress that IDM is a dark-matter subcomponent (w f 1) and not a dark-energy source, which we take here to be the cosmological constant.
The equation of motion for the scalar field represents the covariant conservation of a Noether charge, corresponding to the symmetry of the action (1) under shifts φ → φ + const:
Depending on the interpretation of √ 2X as either chemical potential or temperature, this Noether charge corresponds to a conserved particle number [21] or conserved entropy [22] .
In order to ensure that the IDM collapses, forming black holes, we show in section III that we require that the sound speed (and therefore the equation of state) be c 2 s
10
−5 . On the other hand, the majority of dark matter is observed to form stable halos. We parametrize the relative abundance of IDM with respect to CDM with the following constant:
where Ω DM ≡ Ω CDM + Ω IDM is the total dark-matter abundance relative to the critical density in a FriedmannLemaître universe. As we will see, observations constrain α I 10 −7 . Given the small value of c 2 s , the equation of motion (4) implies that the value of X hardly changes during matter domination. The action will break down as an effective description whenever X ∼ M 4 , because at that point higher derivative terms are expected to become important. But given the upper bound on the IDM density and the extremely high exponent in the definition of ρ, M can be easily tuned to be M Pl while still obeying the observational constraints. That is, this action gives a valid description possibly up to the Planck scale.
A simpler limit of the behavior we discuss here would be provided by an effective action for a scalar with an exactly vanishing sound speed, such as a λφ-fluid proposed in Ref. [24] . This sort of constrained degree of freedom also appears in Hořava-Lifschitz theories of gravity [25, 26] where it can produce dark-matter-like dust [27, 28] . Axions, a class of pseudoscalar models, have long been a candidate for dark matter. However, despite their extremely small dispersion, they are massive scalar fields which oscillate during their evolution and therefore their value cannot be used as an affine parameter along trajectories, as we need to do in our scenario [29, 30] .
An alternative to the effective-action picture above is to consider quantum behavior of Bose-Einstein condensates (BEC). One can describe the dynamics using the Gross-Pitaevskii equation for the wavefunction of the BEC and then rewrite that as an Euler equation for a fluid with the phase of the wavefunction playing the role of the velocity potential. One then finds that two effective pressure terms appear with positive contributions: quantum pressure, i.e. resulting from the de Broglie wavelength of the condensate, and a pressure from any selfinteraction terms. The former appears when the mass of the condensate is small enough, such the condensate cannot be localized as a result of the uncertainty principle. This was exploited in the Fuzzy CDM model [31] to erase the CDM power spectrum at small scales, removing cusps at the centers of DM halos. Self-interaction terms change the pressure at high densities, i.e. make the sound speed density dependent which can then support alternative static solutions, e.g. [32] . 3 Interestingly, for our model to work in the BEC scenario, we require the opposite limit for both of these features: small de Broglie wavelengths/larger boson masses so that the BEC can collapse on small scales and a tuned down self-interaction term. This limit has the added feature of preventing any vortices from forming in the condensate [35] , maintaining the irrotational fluid property that we require. The question remains whether is it possible to both have a largeenough mass to reduce quantum pressure sufficiently and to still allow for condensation in the first place.
Interestingly, if axions thermalize, they would form a BEC, although not in the parameter range that we require: they would be capable of supporting stable structures [36] .
We would also like to point out that our setup does not have to arise from a degree of freedom completely separate from CDM: it might be possible for cold dark matter to form a scalar condensate and not populate it fully as a result of, e.g. too high a temperature. This sort of mechanism might be able to naturally produce the sort of hierarchy between the CDM and the IDM densities that we require.
Dark-energy models featuring a non-oscillating scalar field with a small sound speed would exhibit similar flow properties when non-linear. However, in most such perfect-fluid setups, the growth rate is very low as a result of the value of the equation of state. Spherical collapse in such models was discussed in Ref. [37] . However, if perturbations in the ghost condensate model [38, 39] ever become non-linear, they will behave in a way that is very similar to the sort of phenomenology we describe in this paper. Generalised Chaplygin gas [40, 41] and unified dark-matter models [42] [43] [44] have an equation of state that is very close to dust until late times and therefore yet again the physics described in this paper would be realized in these models at least until the onset of acceleration.
III. STRUCTURES LARGE AND SMALL IN IDM
Let us now discuss cosmological structure formation in the IDM fluid, contrasting it with the N -body picture CDM IDM pertinent to CDM. We assume that density perturbations in the two fluids are adiabatic, i.e. that the density contrast in both DM components is effectively the same, since w f 1. If the two components are related then this is a natural condition. Otherwise, this requires both subcomponents to have been produced from the decay of the inflaton or at least to have been in thermal equilibrium at some point in the early universe. Strictly speaking, if (1) described IDM also during inflation, it is a light spectator scalar field and it gets its own perturbations, which would be an isocurvature mode. However, since the equation of state is nearly that of dust, the isocurvature mode will decay during subsequent evolution [45] .
Since IDM is a scalar, it cannot carry vector and tensor perturbations. As these are subdominant in inflationary initial conditions and have no sources up to quadratic order, they are not relevant for the CDM density distribution either. Since w f = c 2 s 1, the evolution of both the components on background and linear-perturbation level will be essentially the same.
The sound speed c 2 s provides a Jeans length for the perturbations of IDM. On scales c s k/aH 1, the scalar linear perturbations receive pressure support and therefore oscillate in momentum space. However, our requirement (8) means that this scale would be irrelevant for the observed clustering, whatever the value of α I [46] . 4 Strictly speaking, the measured power spectrum is of galaxies which are biased with respect to the gravitational potential. Such oscillations in the potential may still be allowed by data if galaxy
The difference between the two DM subcomponents arises at the moment the CDM flow undergoes shellcrossing, only deep within the non-linear regime. It is very stark. CDM particles collide and pass through each other unhindered, hardly changing their velocities, unless they happen to have directly interacted. The representation of CDM as a pressureless dust breaks down at this very moment since velocities become properties of the particles and no longer a single-valued vector field: CDM is no longer a pressureless fluid after shell crossing. One can re-average over volume elements and reinterpret the CDM as a fluid with a non-zero pressure representing the internal velocities of the particles. This fluid can then potentially form static solutions: halos. Given a large-enough localized overdensity, the CDM will recollapse and form a bound structure, eventually virializing through gravitational interactions. The evolution between shell crossing and the final static halo necessarily experiences a period where the vorticity of the averaged velocity field is large compared to the divergence of the velocity [49] .
The IDM velocity field u µ is derived from a scalar field and therefore the flow must be irrotational and singlevalued at all times where the effective action (1) is valid. This is in direct opposition to the CDM case. Let us for the moment discuss the limit of c 2 s = 0. We should point out that in this limit the evolution forms caustics, bias were related to the CDM component and not the total density perturbation. See Refs [47, 48] for a discussion of what is actually observable in late-time cosmology.
submanifolds on which gradients are divergent since the scalar-field value depends on the direction of approach. We later reintroduce a small sound speed, which will not change the general behavior, but can resolve the caustics at least under some circumstances, e.g. in the spherically symmetrical case of interest here.
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In IDM with a vanishing sound speed, the fluid elements always follow geodesics of the space time (see e.g. [24] or the geodesic choice for the models of [51, 52] for such a model). Therefore the infall is the same as for the CDM initially. However, at the same moment that the CDM undergoes shell crossing, the zero-sound-speed fluid forms a caustic: a singular manifold where many trajectories coalesce. This is the only solution possible if the velocity field is to remain irrotational and singlevalued and yet there is no pressure support. These caustics can be of any dimension, depending on the initial configuration: walls, filaments, and at their intersections -point-like singularities, and form a structure we call the cosmoskeleton, see Fig. 1 .
In the limit of zero sound speed and no gravity, the IDM picture becomes identical to the limit of zero viscosity in the adhesion model [53, 54] : the adhesion model extends the Zel'dovich approximation of structure formation in which elements are taken to have constant velocities and pass through each other without interaction to a model where the elements slow each other down through viscosity, or even stick together. A good illustration of this picture is provided by the simulations of Ref. [15] where the adhesion model is applied to CDM.
In our scenario, there are two components, IDM and CDM, where the IDM behaves similarly to the zeroviscosity limit of the adhesion model, while CDM gains a multi-valued velocity field and virializes. We illustrate the difference between the two subcomponents in a slice through a spherically symmetric configuration in Fig. 2 .
When gravity is included, the caustics become singular gravitational solutions: filaments are cosmic strings while at their intersections black holes are formed. These objects continue to accrete the IDM subcomponent. However, this occurs relatively rapidly since the scalar is not capable of virializing as a result of being able neither to have a vortical velocity field nor to provide pressure support. Thus the picture of structure formation is altered: first, the irrotational fluid collapses to form a cosmoskeleton, illustrated in Fig. 1 , with its topological structure determined by the initial power spectrum of perturbations. The CDM then virializes around this structure, in the presence of localized gravitational potentials.
When a sufficiently small sound speed is reintroduced, the gross picture does not change. The irrotational infall 5 See Ref. [50] where caustics still appear with a non-zero sound speed. Caustics in field theories with non-linear kinetic terms may be inevitable, but since they involve divergent gradients, they correspond to singular energy densities and therefore defects such as domain walls or cosmic strings, or indeed black holes.
of IDM still proceeds to form the cosmoskeleton. However, depending on the initial conditions, the infall might get arrested by the pressure and a static object might be formed. 6 . In particular, fluids with a constant sound speed have the singular isothermal sphere (SIS) as their spherical static solution. The density for this solution behaves as r −2 , while the mass inside a radius r is
(see e.g. [58, pg. 305] ). If the total mass M of a particular spherically-symmetric initial configuration of radius r i satisfies M > M SIS (r i ), then the pressure support that IDM can develop will never be sufficient to arrest the collapse that ensues. This can be re-expressed as a condition on the gravitational potential difference between the center and the edge of this overdensity. If
then the IDM overdensity will never be able to form an SIS and will collapse to a black hole. Since inflation sets up nearly scale-invariant perturbations with normalization approximately ∼ 10 −5 , we obtain the condition c 2 s
which ensures that essentially all primordial roughly spherical IDM overdensities produce black holes. Moreover, since IDM only makes up a small part of the total DM density, α I 1, the gravitational potential is dominated by the evolution of dark matter. Therefore even if the initial gravitational potential is small enough to allow IDM to form a static solution, a subsequent formation of a bound CDM halo will likely deepen the local potential well and trigger a collapse of the static IDM configuration. A generic prediction of our model is that any bound DM object where the velocity dispersion σ 2 v > 2c 2 s has -or at least has had -a collapsed IDM black hole at some point (see section IV for an explanation of the ambiguity).
IV. BLACK-HOLE FORMATION AND ABUNDANCE
We now turn to a discussion of the abundance of such black hole seeds formed from IDM. We assume adiabatic initial conditions, as illustrated in Fig. 3 . Given any collapsing spherical overdensity, our model predicts that the black hole seeds are formed from the IDM approximately at the moment of CDM shell crossing and therefore prior to the halo's virialization provided that the sound speed satisfies condition (8) . This means that a black hole seed forms at the center of any structure that will eventually virialize. Since IDM is irrotational, these black-hole seeds would not carry angular momentum initially. Over time, the seeds accrete baryons and CDM in the standard way, and therefore any angular momentum they may be carrying and thus would be generically expected to spin up. The overall picture of structure formation is the standard hierarchical one: structures on smaller scales would collapse first (smaller peaks in Fig. 3 ) and then proceed to collapse into larger structures at later times (overall overdensity in Fig. 3 ). This scenario implies that every collapsed structure of mass M halo initially contains a black-hole seed of mass α I M halo .
Given a history of mergers that large halos undergo over their evolution, the mass of the IDM seed at the center of a halo of mass M halo would be
where the quantity F ∼ 1 parametrizes the theoretical uncertainty on details of the mass accretion history of a halo and of the IDM accretion itself which may depend on the precise value of the IDM sound speed. The Milky Way has an estimated mass (including DM) of 10 12 M [60] and its SMBH an estimated mass of 4 · 10 6 M , which is notably a significantly smaller proportion of the halo mass than SBMHs at the center of nearby galaxies (e.g. Andromeda). This puts the strongest constraint on the product F α I 10 −7 : the IDM black hole seed needs to be much lighter than the present-day central black hole, which has been accreting 3−4 M in the observable volume of the universe. Just the subsequent accretion of baryons is enough [13] to bring such a black-hole seed to the mass of 10 9 M observed in Ref. [4] by redshift z = 7. In our scenario, the BH seeds continue to accrete IDM from the filaments of the cosmoskeleton and therefore will grow even faster, in principle by a couple of orders of magnitude between these two redshifts, in line with the growth of their parent halos. For this plot we have used as fiducial cosmology the latest Planck+BAO constraints [59] . See Section IV for more details.
mass from its surrounding environment. N -body simulations suggest that halos with the size of the Milky Way could have grown substantially during their evolution history [61] . Assuming conservatively F 1, this implies that α I = 10 −7 satisfies the constraint above. Before proceeding, it is important to comment on the evolution of the black-hole seeds. In the standard scenarios, one wishes to have massive ( 10 3 M ) seeds in protogalaxies of ∼ 10 8 M . The seeds then grow by accretion of baryons and mergers into the billion-solar-mass black holes observed at z = 7. This process can be inefficient: (1) three-body interactions between black-hole seeds frequently result in the third BH being ejected through a sling shot; (2) BHs which have been spun up by infalling matter do not accrete further very efficiently [62, 63] .
In the case of IDM, the initial seeds in the protogalaxies would be very light. However, as hierarchical structure formation goes on, the smaller seeds are expected to keep merging very efficiently. One has to remember that our black-hole seeds are not yet static Schwarzschild/Kerr solutions, but they are still accreting the IDM from the filaments at the intersection of which they lie. These black hole seeds would not yet have shed their hair and their flow is still restricted to be irrotational. This means that the black-hole seeds sling-shots should not happen. The IDM black-hole seeds are much more likely to merge than in the standard scenarios. As a consequence, F should at any time be not significantly different from unity and the BH seed mass should grow in line with the parent halo's at all times.
Another consequence of the presence of BH hair is that whenever there is large relative angular momentum locally in the CDM flow during mergers, the IDM will not be able to move with it and therefore the BHs are likely to be offset from centers of halos. The offset must be at intra-halo scales, as at larger scales positions of CDM over-densities are correctly described by the (truncated) Zel'dovich Approximation [64] . That is, a non-vortical setup predicts structures at the same locations as a full N-body simulation of pure CDM on larger scales. As a consequence, on such large scales the IDM structure traces exactly the CDM structure, and only on smaller scales, intra-halo, one can expect the positions of IDM structure to start deviating from the positions of CDM structure.
A careful numerical analysis will be necessary in order to quantify the statistics of offsets of central black holes from galactic centers. This is could be studied using the adhesion model (see e.g. [15] ) endowed with baryonic physics at the relevant sub-galactic scales, something that has not yet been explored.
In the circumstance of a merger with a very large angular momentum, it may turn out that the IDM cannot follow the CDM flow at all and the black hole might be ripped out of the parent halo, thus producing BH-less galaxies. Indeed an example of this process having occurred could be M33: this galaxy of halo mass M ∼ 10 10−11 M is very unusual in having no bulge [65] . Its central black hole, if it exists, is constrained to have M < 3000M [66] . In principle, the Milky Way constraint above is just compatible with this case. However, the lack of bulge may signify that the black hole was ripped out in the past and the standard BH-bulge feedback never took place. There are other examples of such galaxies, see e.g. Ref. [67] , although the constraints on the BH masses are much weaker. Galaxies without BH, either satellite or in a group, clearly have F = 0. However, at the scale of the corresponding parent halo F should still be not far from unity, as argued above. Again, numerical studies would be be necessary to precisely quantify the statistics of the F parameter.
To predict the abundance of black-hole seeds, we can use existing mass functions, since IDM and CDM collapse at linear level along effectively the same geodesics. As we have already explained, any relaxed halo with velocity dispersion σ 3 which should roughly represent the observable universe. We have used the mass function of Ref. [68] , which allows us to compute halo abundances at high redshift.
7 From the plot we can conclude that already at a redshift of z = 15 there should be hundreds of halos with mass in the range 10 10−11 h −1 M , each one with a seed black hole. If we take F = 1 (the value of F depends on the mass accretion history up to the given redshift) the seed black holes have the mass of 10 3−4 h −1 M . According to Ref. [13] , given an initial black hole seed in this mass range, standard accretion of baryons would bring the mass to the desired 10 9 M within 0.5 Gyr. This happens to be equivalent to redshift z = 7 and therefore would easily allow for the existence of the SMBH of Ref. [4] .
We stress again that the masses of our black-hole seeds continuously grow as a result of constant IDM accretion from filaments on top of the standard CDM/baryon accretion, in line with the growth of the parent halos. As halos with mass in the range 10
10−11 h −1 M are expected to grow by as much as two orders of magnitude between redshift z = 15 and z = 7, a similar IDM accretion is predicted for their black holes. Consequently, the CDM/baryon accretion discussed above does not have to explain the black hole growth alone and can be possibly modeled more conservatively. Moreover, we would expect the low angular momentum of these supermassive black holes to increase the accretion rate as it ensures a lower mass-radiation conversion efficiency [63] . In conclusion, the model presented in this paper succeeds in predicting the observed supermassive black holes.
V. POTENTIAL OBSERVATIONAL SIGNATURES
The scenario proposed in this paper predicts a wealth of new physical effects which may be used to falsify it given numerical studies to understand the detailed statistics in our scenario. We have grouped the observational signals into two categories, one regarding the evolution of black holes and their host galaxies, the second -regarding a possible impact of this scenario on cosmological observations.
Evolution of black holes and parent galaxies
(i) Black holes inside dwarf galaxies should form, provided that the dispersion is higher than the IDM sound speed and the back hole is not ripped out as a consequence of mergers (see (iii)). This has already been observed in Ref. [70] . Within the standard ΛCDM model, dwarf galaxies should not have massive accreting black holes due to the poverty of baryons.
(ii) IDM black holes continue to accrete the IDM from the filaments in which they lie. As long as this continues, the BHs will be attached to the cosmoskeleton and move with it according to potential flow: they are not stationary BH solutions but rather have hair. The dynamics of CDM is much less restricted, especially during mergers, which might result in the IDM BHs lying off-center in the halos, depending on the evolution history of the particular halo. In that sense this scenario is appropriate for the test of the equivalence principle proposed in Ref. [71] .
(iii) An interaction between halos which have very high relative angular momentum could lead to an IDM black hole being ripped out of its parent halo, since IDM cannot follow the vortical flow. BH-less galaxies are therefore predicted. If bulges are a product of BH feedback, this mechanism could explain bulge-less galaxies such as the M33 [66] .
(iv) Supermassive black hole properties are correlated with the host galaxy properties [13] . This signals an important feedback between black hole and galaxy formations. This feedback could be different within our scenario as the growth of the SMBH is expected to be faster at later times than in the standard scenario because of the reduced vortical flow [72] .
(v) IDM black-hole seeds do not carry angular momentum initially. Over time, the seeds are expected to spin up as they accrete baryons and CDM, and therefore accrete any angular momentum the baryons and CDM carry. The mismatch in the spin of observed supermassive black holes compared to other formation history could then either confirm or falsify the scenario proposed in this paper [73] .
As discussed in the previous Section, a quantitative comparison with present-day and forecasted observations would be possible only after careful numerical studies of galaxy evolution in the presence of an IDM component. A possible route -not yet taken -could be based on endowing the adhesion model with baryonic effects. Alternatively, one has to directly solve the full dynamical scalar field equations of motion in a CDM N-body simulation, as done for instance in Ref. [74] (see also Ref. [75] ).
Cosmological observations
The difference in the clustering of IDM and CDM at non-linear scales would in principle affect cosmological observables. This effect is always suppressed by α I and therefore would only be able to provide significant constraints for larger values of this parameter.
(i) The bones of the cosmoskeleton would be similar to cosmic strings, especially in the limit of vanishing sound speed. They would form during matter domination and therefore not have an impact on the formation of the cosmic microwave background (CMB). However, they would lens the CMB at later times, inducing non-Gaussianities in the observed maps. One can roughly use the Planck constraints on cosmic-string tension Gµ < 10 −6 [76] and compare this with the mass per unit length of the expected CDM filaments in ΛCDM of µ ∼ 10 6−7 M /pc, as can be estimated from the simulations of Ref. [77] . These estimates imply that such cosmic-string signatures give the rather weak constraint α I 1.
(ii) The IDM structure formation is faster than the standard CDM one. Therefore one expects an altered Rees-Sciama effect on the CMB, depending on the magnitude of the IDM sound speed and α I . A careful simulation of IDM would be necessary to understand how much stronger the effect is, but it would clearly by suppressed by α I . A combination of Planck and LSST weak-lensing data is expected to detect the Rees-Sciama effect only at 1.5σ and therefore is unlikely to be constraining for our scenario [78] . However, for cosmic-variance-limited surveys this improves to 50σ and therefore should provide stronger constraints than (i).
VI. CONCLUSIONS
We have proposed a new dark matter subcomponent, Irrotational Dark Matter, which behaves like cold dark matter at background and linear level but, as a consequence of obeying irrotational hydrodynamics at all times, cannot shell cross and therefore forms a cosmoskeleton of IDM structures in the early matter era. At the joints of this cosmoskellington black-hole seeds grow. The scenario proposed in this paper predicts many new physical effects which may in principle be strong enough to falsify it. This paper shows that models which are fundamentally irrotational (scalar-field theories) have very different nonlinear structure-formation scenarios. Dark energy is usually considered as non-clustering. But more exotic models, which can have large perturbations, should exhibit some of the behavior discussed here (see e.g. the darkenergy web of Ref. [79] ), although the low equation of state hinders clustering [37] in perfect-fluid models. Since dark energy dominates the matter density at late times, this sort of cosmoskeleton scenario could be realized and gravitationally significant, allowing for constraints to be put on large classes of clustering dark energy.
Moreover, generalized Chaplygin gas or unified-darkmatter models featuring a single scalar degree of freedom for both dark matter and dark energy will not form vor-tical flows. Since all the dark matter is made up of the scalar in these models, if the sound speed is sufficiently small (as it must be to evade the constraints of Ref. [46] ) and the scalar dos not oscillate, it is predicted by our discussion to irrotationally collapse into black holes instead of forming the observed stable halos. This puts significant pressure on the viability of these scenarios in general.
As we have mentioned earlier, one could imagine that a partial condensation of CDM could provide a model for IDM. Such a model could potentially explain the smallness of α I and would be a most natural mechanism for the production of the irrotational component. Whether such a realization is at all possible, and whether it would be stable in the presence of the large density gradients and tidal forces at centers of collapse is an important avenue for investigation.
In terms of the structure formation in this mixed CDM/IDM scenario, the next step -necessary if one wants to conclude whether this model can effectively produce black hole seeds of the desired parameters -is numerical modeling. It must be stressed that one cannot model the IDM subcomponent by means of particles as sometimes is done in N -body simulations, but one directly has to solve the scalar field equations of motion. This observation applies also to scalar-field models of dark-energy.
